Abs_act Selecting the best option among alternatives is often a difficult process. This process becomes even more difficult when the evaluation criteria are vague or qualitative, and when the objectives vary in importance and scope. Fuzzy logic allows for quantitative representation of vague or fuzzy objectives, and therefore is well-suited for multi-objective decision-making. This paper presents methods employing fuzzy logic concepts to assist in the decision-making process. In addition, this paper describes software developed at NASA Lewis Research Center for assisting in the decision-making process.
Two diverse examples are used to illustrate the use of fuzzy logic in choosing an alternative among many options and objectives. One example is the selection of a lunar lander ascent propulsion system, and the other example is the selection of an aeration system for improving the water quality of the Cuyahoga River in Cleveland, Ohio. The fuzzy logic techniques provided here are powerful tools which complement existing approaches, and therefore should be con- Engineers and managers are often required to make decisions on the basis of objectives or criteria which vary widely in scope and complexity (for example, performance, cost and schedule). Adding to the difficulty of the process is that many of the criteria are by their very nature vague and difficult to quantify. The decision-maker must combine the vague criteria with criteria which are known quantitatively to obtain the best possible alternative.
terms of number of miles, which may be known with a high degree of certainty. Surface and ground water quality may refer to the amount of waste which could run off the site or leach into the ground, respectively. These factors may also be quantified, but the uncertainty is large because of the lack of data on existing systems. Finally, the aesthetics of the hazardous waste operation is generally considered qualitative; therefore, the decision-maker must convert vague linguistic descriptions such as good orpoor to quantitative rankings. Fuzzy logic methods can be used for combining criteria which are vague and uncertain with those which are well-known to assist in the selection of an alternative.
This paper will present the concepts of fuzzy set theory, the basis for fuzzy logic, including a description of the differences between classical and fuzzy set theory.
In addition, the report will describe methods from the literature and those developed at NASA Lewis Research
Center which use fuzzy logic to assist in the multi-objective decision-making process.
As part of the discussion on methodology, DECISION MANAGER, software developed at NASA LeRC to automate the decision-making process, will be presented. The fuzzy logic methods shown here were originally applied to aerospace applications; namely, the methods have been used to evaluate rocket engine and space launch vehicle concepts. 1 However, the methods have wide applicability, especially in civil engineering disciplines. This paper will provide two diverse examples of the use of the fuzzy logic methods described here. One example will be the selection of a space chemical rocket engine for lunar lander applications, and the other will be the selection of an aeration system for improving the water quality of the Cuyahoga River in Cleveland, Ohio.
Fuzzy Set Theory_
Fuzzy logic is based on fuzzy set theory, which was developed in 1965 by Lotfi Zadeh. 6 can be used to mathematically represent this range. An example of a trapezoidal fuzzy set is shown in Fig. 2 , which describes the range of values for the purchase price of an automobile. When buying an automobile we usually do not have data for the mean price or the statistical variance. However, we do have a range of values in mind from previous experience. In this case we would define prices within the most likely interval ($9,000 to $11,000)
as having a membership value of 1, and prices outside of the largest likely interval ($8,000 to $12,000) as having a membership value of 0. The membership value is assumed to be linear between the most likely and largest likely values, thus providing the trapezoidal shape. Fuzzy set theory then allows for manipulation of these fuzzy sets to obtain the best possible alternative. The best and worst values can be defined using the largest and smallest values of all the alternatives ($12000 and $8000, for example), or these values can be chosen to fall outside of these bounds (for instance, a best value for price could be $5000).
Once the first-level index values have been obtained, the final composite index values must be determined for each alternative. Two methods can be used to obtain these final index values: arithmetic averaging and fuzzy set theory. In arithmetic averaging TM the ftrst-level index values for each criterion are multiplied by the corresponding weighting factors and then added together. Mathematically this is given as follows:
Four values will result for the final composite index value for each alternative, corresponding to a fuzzy set.
Because the arithmetic averaging method may provide results which are dominated by a few high scores in the selection criteria, 1 another method was developed at NASA LeRC to determine the final composite index values. In this method, based on fuzzy set theory, 5'9 the first-level index values axe raised to the power of the weighting factors to give weighted rankings. The weighted scores give the degree to which the alternative meets the criterion. Then, according to fuzzy set theory, the minimum of the weighted scores is used for the final composite value. The minimum represents the intersection of the sets, because all the criteria are necessary to the final decision. Mathematically, the composite index value is represented as follows for the fuzzy set method.
As in the arithmetic averaging method, four values will result representing the four corners of the trapezoidal fuzzy set.
Because the fuzzy sets which result from the final composite index values will overlap, a method is required to obtain a discrete score to rank the alternatives. One method uses the maximizing and minimizing set concepts of fuzzy logic as shown in references 1-4. This method is illustrated in Fig. 4 . The maximizing set is defined as follows:
The maximizing set intersects the trapezoidal fuzzy set for each alternative in two places, as shown in Fig. 4 . The right utility value, U R, is the largest of these two intersec-tion values. In a similar manner the minimizing fuzzy set is calculated as follows:
lag = (Lh "Lmax)/(Lmin -Lmax) Lmin < Lh < Lma x = 0 otherwise
The value for the left utility value, U L, is then determined from the maximum of the two intersection points between the minimizing set and the fuzzy set for the alternative. The ranking value, or total utility value, for each alternative is then calculated as follows: The lunar lander ascent propulsion options are shown in Table 1 and the selection criteria are provided in Table 2 . The propulsion options were based on propellant type and configuration (such as pump-fed versus pressure-fed). The relative weights for the selection criteria were obtained from reference 10. The raw scores for the alternatives are provided in Table 3 . For quantitative criteria such as numbers of components, number of operations, number of instrumentation locations, abort response time, and number of subsystems (criteria A-D, G, H, I, O), ranges of values were used on the basis of data provided in reference 10 and judgements made by this author. The values for other criteria were obtained through qualitative assessments in the original study. For instance, hardware readiness was rated on a scale of 1 to 9, with 9 meaning excellent. In the current study no uncertainty was considered for these qualitative criteria, and only the discrete values from the JSC study were used.
Therefore, the present study combined uncertain quantitative data with discrete qualitative data.
The results from the analysis are provided in Table 4 . The results of the arithmetic averaging method showed some differences in comparison to the original JSC study. The "CIF5/N2H 4 Both Stages" system was preferred in the arithmetic averaging method, whereas "N204/MMH" system was preferred for the Analytic Hierarchy Process. In addition, the arithmetic averaging method showed the "LO2/LH 2 Pressure" option to be much higher in the order of preferences.
Although the order was somewhat different, both methods resulted in the same top three alternatives. Differences in order were primarily the result of the method used to convert the raw scores to index values. The AHP uses paired comparisons between criteria values to obtain these index values,
whereas the arithmetic weighting method normalizes the raw scores on the basis of best and worst values. The inclusion of uncertainty in the raw scores also affected the final score; the AHP is limited to discrete values.
When the fuzzy set scoring method was used, the "LO2/LH 2 Pressure" option gave the highest final score. Examination of the data showed that the number of flight operations was the limiting factor (the factor which gave the minimum score) for most of the options in determining the final scores by using the fuzzy set scoring method. Because this criterion had a high weight relative to many of the other factors, the fuzzy set scoring method emphasized this criterion. Although the "CIFs/N2H 4 Both
Stages" system had fewer flight operations than the "LO2/ LH 2 Pressure" system, the ascent engine hardware readiness criterion was the limiting factor for the "CIF5/N2H 4 Both Stages" system. Table 4 clearly shows that different methods can provide different results. In these cases the decision-maker must examine the informa.tion provided by each method. For instance, the fuzzy set scoring method uses the minimum values of the weighted score, thus emphasizing the attributes which can hinder future development.
Examining the results in
This method, however, does not include all attributes as does the arithmetic averaging method. As shown in reference 1, the arithmetic averaging method emphasizes the attributes which are good, but this method can also ignore attributes which can negatively affect design. Therefore, in making a decision under uncertainty, both arithmetic averaging and fuzzy set scoring methods should be used.
Example Application: Cuyahoga River Aeration Options
Recent studies have been conducted in the Cuyahoga River in Cleveland, Ohio to examine the impairments to the use of the river, it One key finding of these studies was that low levels of dissolved oxygen (DO) exist in the Cuyahoga River. This problem is most severe in the navigation channel, the last 5.6 miles of the river before it empties into Lake Erie. Low levels of dis-solved oxygen can lead to reduced quantity and variety of aquatic life. Several factors enter into the low DO levels, including periodic dredging of the river to allow ship navigation. Because of the increased depth of the river following dredging, the Cuyalaoga River flows at a rate slower than what would occur naturally, thus reducing the natural aeration in the river. Therefore, dredging is seen as a significant factor in the low oxygen levels in the Cuyahoga River. Options are currently being examined to improve the dissolved oxygen levels in the navigation channel.
One potential option for increasing the oxygen levels is artificial aeration of the navigation channel. On the basis of this previous work and the physical characteristics of the Cuyahoga River, submerged aeration appears to be the the most feasible near-term option for the reaeration of the river. 12'13In this study five submerged aeration systems were examined by using fuzzy logic techniques to determine the optimum system for the Cuyahoga River.
Diagrams of these systems are provided in Fig. 6 . Both fuzzy set and arithmetic averaging scoring methods were used to assess these systems.
The criteria for evaluating the aeration systems are provided in Table 5 . The weighting factors for the criteria were obtained from a previous study which examined aeration options without consideration of uncertainty. 14 The raw scores for each of the options are shown in Table 6 . The transfer efficiency, initial cost, and operating cost were considered to be quantitative but uncertain. Estimates of these parameters were obtained from the literature. 12'13'15 The other criteria were qualitative in nature. For instance, the coarse and fine diffusers have low potential for interfering with navigation, and therefore receive a score of 0.8, whereas the sparge turbine aerator will have extreme interference with navigation and therefore receive a score of 0. (It should be noted that in any evaluation where values are assigned to linguistic descriptions, the score of zero should be reserved for extreme cases, such as in the case of the sparge turbine aerator. A score of zero implies that the alternative cannot meet the minimum requirements to be considered in the evaluation.)
The results of the analysis are provided in Table   6 for both the arithmetic averaging and the fuzzy set scoring methods. As shown in the table, the preferred option appeared to be the coarse diffusion aeration system. The results did not depend on the scoring method, giving high confidence in the preferred order of alternatives calculated. In the fuzzy set analysis the limiting criteria was the transfer efficiency for the coarse bubble diffuser, the operating cost for the static mixer and fine bubble diffuser, and navigation interference for the jet aerator and sparge turbine aerator. Note that although the analysis showed that the scoring method did not affect the results, the criteria weights will impact the preferred order of selection. If all the criteria are assumed to have equal weights, the fine bubble aerator and jet aerator will provide the highest score, followed by the coarse bubble diffuser, static mixer, and sparge turbine aerator. Therefore, the selection of the aeration system is highly sensitive to the relative importance of the criteria in this case. 
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Selecting the best option among ahernatives is often a difficult process. This process becomes even more difficult when the evaluation criteria are vague or qualitative, and when the objectives vary in importance and scope. Fuzzy logic allows for quantitative representation of vague or fuzzy objectives, and therefore is well-suited for multi-objective decisionmaking. This paper presents methods employing fuzzy logic concepts to assist in the decision-making process. In addition, this paper describes software developed at NASA Lewis Research Center for assisting in the decision-making process.
Two diverse examples are used to illustrate the use of fuzzy logic in choosing an alternative among many options and objectives. One example is the selection of a lunar lander ascent propulsion system, and the other example is the selection of an aeration system for improving the water quality of the Cuyahoga River in Cleveland, Ohio. The fuzzy logic techniques provided here are powerful tools which complement existing approaches, and therefore should be considered in future decision-making activities.
